Sterols such as cholesterol are important components of cellular membranes. They are not uniformly distributed among organelles and maintaining the proper distribution of sterols is critical for many cellular functions. Both vesicular and nonvesicular pathways move sterols between membranes and into and out of cells. There is growing evidence that a number of non-vesicular transport pathways operate in cells and, in the past few years, a number of proteins have been proposed to facilitate this transfer. Some are soluble sterol transfer proteins that may move sterol between membranes. Others are integral membranes proteins that mediate sterol efflux, uptake from cells, and perhaps intracellular sterol transfer as well. In most cases, the mechanisms and regulation of these proteins remains poorly understood. This review summarizes our current knowledge of these proteins and how they could contribute to intracellular sterol trafficking and distribution. Published by Elsevier Ltd.
Introduction
Cholesterol is required for the viability of mammalian cells and has many important functions [1] [2] [3] . It contributes to maintaining the permeability barrier of the plasma membrane (PM) and is also critical for intracellular trafficking. The ability of cholesterol to form cholesterol-sphingolipid enriched microdomains in membranes is likely also important for the proper distribution of lipids and proteins within cells [2, [4] [5] [6] . In addition, cholesterol metabolites, such as steroid hormones, oxysterols, and bile acids have many important physiological functions.
Cells tightly regulate cholesterol levels by a number of mechanisms, but primarily via a feedback pathway that controls the synthesis and uptake of cholesterol [7] . This pathway uses the sterol-gated transport of the membrane-bound transcription factor sterol regulatory element binding protein (SREBP) from the endoplasmic reticulum (ER) to the Golgi complex. When sterol levels are low, SREBP is moved to the Golgi complex where it is cleaved to a soluble form that enters the nucleus and increases expression of genes required for cholesterol synthesis and uptake. Cholesterol synthesis occurs mostly in the ER [8] . Exogenous cholesterol is obtained primarily from plasma lipoproteins such as low-and high-density lipoproteins (LDL and HDL). Cholesteryl esters in lipoproteins are hydrolyzed in late endodomes and lysosomes and the free cholesterol is then trafficked from these compartments to the rest of the cell. Cholesterol can also be effluxed to external acceptors in some cell types. In addition, excess cholesterol can be esterified with fatty acids and stored in cytosolic lipid droplets (LDs).
Cholesterol and other lipids are not uniformly distributed in cells [9] [10] [11] . Maintaining proper cholesterol distribution is essential for many cellular functions including membrane trafficking and cell signaling. The highest concentrations of cholesterol are found in the PM, where it has been estimated to be about 35-45% of the lipid in the PM [9, 12, 13] . Approximately 65-80% of the free cholesterol in cells is in the PM. In contrast, the ER and mitochondria contain only very low amounts of cholesterol [14] [15] [16] . The cholesterol content of the membranes of the Golgi complex is probably intermediate between that of the ER and PM and it has been proposed that there is a cholesterol gradient across the membranes of the secretory pathway [17] [18] [19] . A substantial amount of free cholesterol is also found in early endosomes and endocytic recycling compartments (ERC) [20] [21] [22] .
Many non-mammalian eukaryotic cells contain sterols other than cholesterol. These sterols, such as sitosterol in some plants and ergosterol in fungi, differ slightly from cholesterol but have similar physical properties and intracellular distribution [23] [24] [25] [26] [27] . Sterols likely have comparable functions in most eukaryotic cells.
How cells maintain large differences in the concentration of sterols in various organelles is not well understood. Cholesterol is moved among cellular compartments by a combination of vesicular and non-vesicular pathways [9, 11, 28, 29] . Since there is continuous membrane vesicular trafficking between the various compartments of the secretory and endocytic pathways, some of which have very different cholesterol concentrations, cholesterol is probably sorted during transport vesicle formation. For example, to maintain the high concentration of cholesterol in the PM, cholesterol could be sorted into vesicles headed toward to the PM and out of vesicles moving cargo away from the PM. There is some evidence that such sorting occurs, cholesterol and sphingomyelin are partially excluded from COPI-coated vesicles, which form in the Golgi complex [30] . How cholesterol sorting during vesicle formation occurs is not well understood. The sorting of cholesterol and other lipids could be driven by their affinity for microdomains and the effects of membrane curvature [31, 32] . Cholesterol can also be moved between a number of cellular compartments or effluxed from cells by non-vesicular transport pathways. This review summarizes our current knowledge of these pathways. First, I outline the known non-vesicular cholesterol transport pathways in cells. Second I discuss the role of soluble transfer proteins (LPTs) in non-vesicular cholesterol transport. Third, the roles of membranes proteins in facilitating sterol uptake and efflux and possibly transport between cellular membranes will be addressed. Finally, I discuss the directionality and regulation of non-vesicular transport and how it might contribute to maintaining intracellular sterol distribution.
Non-vesicular sterol transport pathways
There is growing evidence that sterols (and other lipids) can move between many intracellular compartments by non-vesicular mechanisms. However, demonstrating this in cells is not trivial for a number of reasons. First, tracking the distribution and movement of sterols in vivo is challenging. A number of methods are used and have been thoroughly reviewed previously [33] . Second, sterols are moved between some cellular compartments by a combination of vesicular and non-vesicular pathways. Finally, unlike most lipids that have two long fatty-acyl chains, cholesterol can spontaneously move between bilayers unassisted by any proteins; and this process has been demonstrated both with pure liposomes and membranes derived from cells [34] [35] [36] . Though this movement is relatively slow compared to rates at which sterols are trafficked between membranes, it complicates the analysis of sterol transport and measurements of the sterol concentration in cell membranes. Thus, while non-vesicular transport pathways may move sterols between many cellular compartments, I focus here on the cases where there is compelling evidence for such transport. These pathways and some of the proteins that may be involved are shown in Fig. 1 . Fig. 1 . Non-vesicular sterol transport pathways in cells. Pathways that are only speculative are marked with a ''?''. Non-vesicular sterol transport pathways probably move sterols between the ER and many organelles, perhaps at membrane contact sites. Organelles shown: endoplasmic reticulum (ER), plasma membrane (PM), inner mitochondrial membrane (IMM), outer mitochondrial membrane (OMM), endocytic recycling compartment (ERC), lipid droplet (LD), and external acceptor, which could be a lipoproteins or detergent micelle depending on cell type. Some of the proteins mentioned in the text are shown in blue. It should be noted that all of these proteins are not expressed in the same cells. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Transfer of cholesterol to the outer and inner mitochondrial membranes
There is no known vesicular trafficking between mitochondria and other cellular compartments. Since mitochondria cannot synthesize most lipids including sterols, they must get them by non-vesicular transfer pathways. This has been demonstrated for phospholipids [37] and is likely true of sterols as well, though little is know about this transport. Cholesterol is also moved from the outer to the inner mitochondrial membranes by a non-vesicular mechanism in some cells. This transport is required for the biogenesis of steroids, which are derived from cholesterol. The first step in steroid synthesis requires the cleavage of the cholesterol side chain to form pregnenolone by the cytochrome P450 side chain cleavage enzyme, located in the inner membrane of mitochondria [38] . The non-vesicular transfer of cholesterol from the outer to inner mitochondrial membrane is the rate limiting step in steroid biogenesis [39] and requires the steroidogenic acute regulator protein (StAR), which is discussed below.
PM to ERC sterol transport
In order to study sterol uptake and trafficking in live cells, a number of studies have used the naturally fluorescent sterol dehydroergosterol (DHE). This sterol is a good analogue of cholesterol because it has similar physical properties and behavior in biological membranes [22, [40] [41] [42] [43] [44] [45] . Maxfield and collegues found that exogenous DHE was rapidly trafficked from the PM to the ERC with a half-time of only 2.5 min and indeed that a substantial portion of the free DHE and cholesterol in cells is in this compartment [22] . This transport was only slightly slowed by depleting cells of ATP, while the vesicular movement of transferrin from the PM to the ERC was blocked by the same conditions. Using density gradient centrifugation, they were able to show that transport of exogenous [ 3 H]cholesterol to the ERC is probably also energy-independent. Thus, the rapid transfer of sterols from the PM to the ERC is likely non-vesicular.
Sterol movement to and from lipid droplets (LDs)
LDs serve as lipid storage depots and consist of a core of steryl ester and triglyceride surrounded by a monolayer of phospholipids and various proteins. There is no known vesicular transport to or from these organelles. In macrophage foam cells, exogenous DHE was transferred not to the ERC but to lipid droplets (LDs) instead [46] . As with PM to ERC DHE transfer, the movement of DHE from the PM to LDs in foam cells was very rapid, with a half-time of 1.5 min, and did not require energy. This transport is therefore likely non-vesicular.
The movement of sterols between LDs and the ER is also non-vesicular and may require proteins to transfer lipids between these organelles in some cases. Steryl esters are synthesized in the ER, but reside primarily in LDs. How they move to LDs is not well understood. LDs probably derive from the ER and it has been suggested that the phospholipid mononlayer of LDs remains continuous with the outer leaflet of the ER [47, 48] . If this is the case, then steryl esters could simply diffuse between the ER and LDs via these connections. However, it remains possible that some LDs are not connected to the ER and the movement of steryl esters to these LDs requires proteins to facilitate this transfer. The movement of sterols from LDs to the ER (and other membranes) could also require such proteins. When sterols are mobilized from LDs, enzymes on these organelles hydrolyze steryl esters and the free sterols must then be transferred to the ER and other membranes.
Ergosterol biosynthesis in the yeast Saccharomyces cerevisiae may also require non-vesicular sterol transfer between the ER and LDs. In this organism, ergosterol is synthesized by a series of enzymes known as Erg proteins. While most are located on the ER, a few are found localized either exclusively or partially on LDs [24, [49] [50] [51] [52] . Thus, ergosterol biosynthesis in S. cerevisiae may require the non-vesicular transfer of sterol intermediates between the ER and LDs. This process may be facilitated by transport proteins.
Sterol transfer between the ER and PM
After cholesterol is synthesized in the ER, it is rapidly transferred to the PM with a half-time of 10-20 min in mammalian cells [53, 54] . Treating cells with brefeldin A, which causes Golgi complex disassembly and blocks the movement of proteins from the ER to the PM, only slightly slows the delivery of newly synthesized cholesterol to the PM [54] [55] [56] . Similar results were obtained with the yeast S. cerevisiae; newly synthesized ergosterol was moved between the ER and PM with a half-time of about 10 min. This rate was not significantly reduced in a number of SEC mutants with conditional defects in proteins required for vesicular trafficking between the ER and PM, including Sec18p, the yeast homologue of N-ethylmaleimide-sensitive factor (NSF) in mammalian cells [57] . Sec18p is needed for most vesicular transport in cells [58, 59] . Another group found that ER to PM sterol transport in yeast was partially blocked (20-50%) in some SEC mutants, but that ergosterol could still move from the ER to the PM by a SEC-independent pathway [60] . Taken together, these findings suggest that in both yeast and mammalian cells, a non-vesicular pathway can likely move a substantial portion newly synthesized sterols from the ER to the PM. It is not known what fraction of newly synthesized sterol moves to the PM by this pathway, though it can accommodate most if not all of the flux.
There is also good evidence that non-vesicular pathways can move sterols from the PM back to the ER. These studies make use of the fact that the enzymes that esterify free sterols are primarily localized in the ER; sterol esterification is used as an indication of sterol transfer to the ER. In the yeast S. cerevisiae, exogenous sterols enter the PM, are moved the ER, and esterified. This transfer is not blocked in a number of SEC mutants, indicating that it is likely non-vesicular [61] . PM to ER cholesterol transfer in mammalian cells may also be non-vesicular. Treating mammalian cells with sphingomyelinease causes cholesterol to redistribute to internal compartments, including the ER [62, 63] . This transport was not inhibited by ATP-depletion or other treatments that affect known vesicular transport pathways, including addition of N-ethylmaleimide and inhibitors of phosphatidylinositol 3-kinase [64] . Though the authors suggest a novel vesicular pathway moves PM cholesterol to the ER, their results are also consistent with non-vesicular transfer.
It is important to note that, in yeast, at least one protein may be trafficked from the ER to the PM by a pathway that does not need Sec18p [65] , indicating that a novel vesicular transport pathway may operate between the ER and PM. Thus it remains possible that not all SEC-independent sterol transfer between the ER and PM is non-vesicular.
Sterol efflux from cells
Many mammalian cells move cholesterol and other sterols from the PM to external acceptors. This is an important mechanism for regulating cellular cholesterol levels. Sterol desorption or efflux from the PM is mediated by a number of proteins, primarily ATP binding cassette (ABC) transporters, which will be discussed below.
Mechanisms of non-vesicular sterol transport in cells
Some of the known and potential mechanisms of sterol transfer between membranes are shown in Fig. 2 . As mentioned above, sterols can move between membrane unassisted by any protein (Fig. 2a ) [34] [35] [36] . For liposomes, the rate-limiting step in the process is likely the rate at which cholesterol desorbs or escapes from membranes [34] . Though it has been known for some time this rate is affected by the lipid composition and shape of membranes, more recent studies point to the importance of interactions between sterols and phospholipids in determining rates of cholesterol desorption from membranes. These theoretical and experimental studies suggest that sterols in membranes exist in two pools, one with low chemical activity and a second with high chemical activity. Sterol with high chemical activity has a higher escape potential (or fugacity) than sterol with low chemical activity. There are two related models of what determines sterol fugacity in membranes. In one, the small headgroup of sterols is not sufficient to shield the hydrophobic portion of these molecules from water [66] . Consequently, sterols tend to take cover under the ''umbrella'' of the larger headgroups of phospholipids and sterol-sterol interactions are disfavored. Shielded sterols have low chemical activity, but once the sterol concentration of a membrane exceeds the capacity of phospholipids to provide cover, the excess sterol has a high chemical activity. In a second model, McConnell and coworkers suggest that sterols tend to associate with phospholipids, particularly those with saturated acyl chains, and form ''condensed complexes.'' Sterols that partition into these complexes have lower chemical activity than those outside. Both models predict that the chemical activity or fugacity of sterols increases substantially when sterol concentration in membranes exceeds the ability of phospholipids to partner with sterols. Beautiful work from Lange and coworkers have confirmed this prediction in cells [67] [68] [69] . Just as the chemical activity of sterols in membranes determines its propensity to escape membranes, the ability of cellular membranes to act as sterol acceptors is at least partially also determined by their lipid composition [70] .
Although sterols can spontaneously move between membranes through the aqueous phase, this process is slow compared to rates of non-vesicular lipid transfer in vivo and is likely facilitated in some cases by soluble lipid transfer proteins (LTPs) (Fig. 2b) . These proteins tend to bind lipid with a 1:1 stochimetry in a hydrophobic tunnel or pit, sometimes covered by a hinged lid domain. LTPs may directly bind membranes, extract sterols, and deliver them to acceptor membranes or could bind and/or release sterols in the aqueous phase. Possible sterol LTPs are discussed below.
Membrane proteins can also facilitate the movement of sterols into and out of membranes (Fig. 2c) . They may transfer sterols between membranes and LTPs or other soluble acceptors, other membranes, or the aqueous phase. Membrane proteins can directly transport sterols or indirectly affect sterol transfer by modulating the chemical activity of sterols in a membrane. For example, they could change the distribution of lipids between the leaflets of a membrane or the lateral organization of lipids within membranes.
Finally, it is possible that proteins could facilitate lipid transfer between membranes by causing transient hemifusion between two membranes (Fig. 2d) . In hemifused membranes, lipids in one of the two leaflets of There is no evidence that this mechanism is used in cells. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) each bilayer can mix. Hemifused membranes that allow lipid exchange have been shown to be intermediates during membrane fusion reactions [71] . However, there is no evidence that transient hemifusion is used to move lipid between membranes that do not subsequently fuse.
Membrane contact sites
Many organelles have domains of close apposition with each other. This is particularly true of the ER, regions of which can be seen closely apposed to virtually all other cellular organelles. Since the ER extends throughout the cell, some of these contacts may be coincidental but probably not all. These regions, known as membrane contact sites (MCSs), may facilitate the non-vesicular transfer of sterols and other lipids [72, 73] . Indeed, there is substantial evidence consistent with a role for MCSs in non-vesicular lipid transfer between the ER and a number of organelles [37, 50, 51, [74] [75] [76] [77] [78] [79] . The small distances LTPs would have to diffuse between membranes at MCSs might facilitate the transfer of sterols and other lipids. More importantly, close apposition of two membranes might enhance lipid transfer between them by LTPs since it would increase the probability a LTP that has extracted a lipid from one membrane would collide with and deliver the lipid to the second membrane. In some cases, LTPs may bind simultaneously to both donor and acceptor membranes. For example, CERT, which transfers ceramides from the ER to the Golgi complex, has domains that allow it to interact with both organelles: a plextrin homology (PH) domain, which binds phosphoinositides on the Golgi complex, and a FFAT motif that binds the ER resident protein VAP [80] . Many oxysterol-binding protein (OSBP)-related proteins (ORPs), also have these domains [81] .
Little is known about the proteins responsible for maintaining MCSs. The one exception is the nucleus vacuole junction (NVJ) in the yeast S. cerevisiae, which is the site of piecemeal microautophagy of nuclear material [82] . This structure is held together by Vac8p on the vacuolar membrane and Nvj1p on the outer nuclear membrane [83] . Though some of the proteins recruited to the NVJ have been identified, including the ORP Osh1p, the role of the NVJ in microautophagy or other cellular processes remains obscure. It is not yet known if the NVJ is important for the transfer of sterols or other lipids between these organelles.
Sterol transfer proteins
As outlined above, there is strong evidence for non-vesicular sterol transfer among some cellular compartments. However, in most cases the proteins required have not been identified. A number of soluble sterol-binding proteins have been proposed to transfer sterols among cellular compartments. These fall into five families. Though some members of these protein families can extract sterols from membranes and transfer sterols between membranes in vitro, it is less clear that they do in cells and what their other functions are. In this way, they are similar to phospholipid-transfer proteins (PL-TPs), which have been studied for many years [84] [85] [86] . These proteins transfer phospholipids between membranes in vitro but many probably do not in transfer lipids between membranes in cells. Instead, they may deliver lipids directly to metabolic enzymes or function as lipid sensors that regulate other enzymes in response to binding lipids.
Steroidogenic acute regulatory protein (StAR) and StAR-related lipid transfer (START) proteins
StAR is required for the efficient transfer of cholesterol from the outer mitochondrial membrane (OMM) to the inner membrane (IMM), where it is converted to pregnenolone, the first step in steroid biogenesis [87] . The protein is synthesized with an N-terminal mitochondrial targeting sequence and the mature form of the proteins binds cholesterol with a 1:1 stoichiometry [88] . In addition, StAR functions as an LTP in vitro, rapidly moving cholesterol from liposomes to isolated mitochondria and microsomes [89] .
The mechanism of StAR action in cells is controversial. Since StAR is synthesized with a cleavable targeting sequence and the cytosolic form of the protein is short-lived, it is simplest to imagine that StAR shuttles cholesterol between the OMM and IMM. However, this seems not to be correct. Surprisingly, StAR lacking its targeting sequence (N-62 StAR) is still functional in cells (i.e., it stimulates pregnenolone production), suggesting it acts on the cytosolic face of the OMM [90, 91] . This is consistent with further studies in which StAR was fused to proteins localized to each of the mitochondrial compartments. StAR was only active when it was fused to the C-terminus of Tom20p, which faces the cytosolic surface of the OMM [92] . Moreover, slowing the entry of the wild-type protein into mitochondria increased its activity, consistent with the idea that only the short-lived cytosolic form of the protein is active. Taken together, these findings suggest that StAR acts on the cytosolic face of the OMM and directly stimulates cholesterol transfer from the OMM to the IMM. How it does this remains unclear [93, 94] .
One possibility is that StAR mobilizes cholesterol in the OMM so that it can be transferred to the IMM by another protein. This could be the function of the peripheral benzodiazepine receptor (PBR), an integral membrane protein in the OMM [95] . Consistent with this idea, PBR is highly expressed in steroidogenic cells and PBR ligands stimulate steroid biosynthesis. More importantly, disruption of the PBR gene dramatically reduces steroid production in Leydig tumor cells [96] . In addition, PBR has a cytosolically exposed cholesterol recognition amino acid consensus (CRAC) domain which is required for cholesterol transfer to the IMM [95] . Whether StAR delivers cholesterol to PBR or PBR affects cholesterol transport indirectly, perhaps by affecting the chemical activity of OMM cholesterol, remains to be determined.
Humans have at least 14 START-containing proteins in addition to StAR [97, 98] . Two of these, MLN64 and STARD5, are know to bind cholesterol [88, 99] . Others bind different lipids, including phospholipids and ceramides, or have unknown ligands [97] . Little is know about STARD5 function, but it could be an LTP [99, 100] .
MLN64 might also function as an LTP. Unlike the other START proteins in humans, it is an integral membrane protein. The amino terminal half of the protein has four transmembranes domains that target the protein to the limiting membrane of late endosomes [101] . The C-terminal half consists of a cytosolic START domain that binds cholesterol with a 1:1 stoichiometry [88] . This region of the protein has been crystallized and revealed to contain a hydrophobic tunnel that can bind a single cholesterol molecule, consistent with a role in cholesterol transfer [88] . In vitro, the START domain facilitates the transfer of sterols to liposomes and mitochondria [102] . Indeed, it has been proposed that MLN64 mediates sterol transfer from the endosomal membrane, to either an unknown acceptor or another membrane [101, 102] . The N-terminal region of the protein, which contains the transmembrane segments, has been termed the MENTAL domain and shown to bind a photoactivatable sterol analogue [103] . This domain homodimerizes and heterodimerizes with another proteins called MENTHO, which has substantial homology to the MENTAL domain of MLN64 but lacks START domain. It has been proposed that MLN64 binds cholesterol with its MENTAL domain that is then extracted by the START domain and transferred to a cytosolic acceptor or another membrane [103] .
NPC2
Niemann Pick Type C (NPC) is a rare lipid storage disease characterized by the accumulation of cholesterol and other lipids in a late endosomal/lysosomal compartment [104] [105] [106] [107] . The disease is caused by mutations in either of two genes, NPC1 and NPC2 [108] . The accumulated evidence suggests that both proteins are part of a pathway required for the trafficking of LDL-derived cholesterol out of lysosomes, but the exact functions of the proteins in cells remains enigmatic [109] . NPC1 is a membrane protein found on the limiting membrane of endosomes [110, 111] , while NPC2 is a small, soluble glycoprotein inside endosomal/lysosomal compartments [112] . NPC2 binds cholesterol with a molecular stoichiometry of 1 [113, 114] . The structure of apo-NPC2 has been solved and, surprisingly, revealed that it has a hydrophobic tunnel that seems too small to accommodate a cholesterol molecule [115] . Therefore, it likely undergoes a conformational change during cholesterol binding that increases the volume of the binding tunnel. In an elegant study, it was recently shown that NPC2 can rapidly deliver cholesterol to liposomes by a collisional mechanism, consistent with a role in non-vesicular cholesterol transfer in cells [116] .
ORPs
Oxysterol-binding protein (OSBP) was the founding member of a large family of lipid-binding proteins. It was initially identified because it bound oxysterols, oxygenated cholesterol derivatives that are potent regulators of cholesterol metabolism in mammals [117] . A large number of OSBP-related proteins (ORPs) have been identified in eukaryotes from yeast to humans, which have at least twelve [81] . All contain a lipid-binding OSBP-related domain (ORD) and most contain additional domains. They are thought to play roles in numerous cellular processes including regulation of lipid distribution and metabolism, cell signaling, and vesicular transport.
Recently, ORPs have also been suggested to function as soluble sterol transporters [118, 119] . This evidence comes from work in the yeast S. cerevisiae, which has seven ORPs called Osh proteins (Osh stands for OSBP-homolog). As mentioned above, the transfer of sterols between the ER and PM in this yeast is unaffected in numerous mutants with conditional defects in proteins required for vesicular trafficking between these compartments. Yeast requires any one of the seven Osh proteins for viability and it had previously been shown that intracellular sterol distribution is altered in a strain missing six of these and having a conditional defect in the seventh (oshD osh4-1) [120, 121] . The transport of exogenous sterols from the PM to the ER also slows significantly in the oshD osh4-1 strain [119] , suggesting that Osh proteins could be soluble sterol transfer proteins [119] . The transfer of newly synthesized sterol from the ER to the PM also slows significantly in the oshD osh4-1 strain [122] . Consistent with a role for Osh proteins in non-vesicular sterol transfer, Osh4p (also known as Kes1p) binds cholesterol with nanomolar affinity [118] and transfers cholesterol and ergosterol between liposomes in vitro [119] . The structure of Osh4p is also consistent with a role in lipid transfer. It reveals that Osh4p binds sterols and oxysterols in a hydrophobic tunnel covered by a flexible ''lid'' region. Near the entrance of the tunnel are a number of highly conserved charged resides that are likely required interacting with the charged surface of membranes. Mutation of many of these residues significantly reduced the ability of the protein to transfer sterols in vitro and function in cells [118, 119] .
It seems likely that a number of other Osh proteins also bind sterols and transport them in cells. Cells missing any one of the seven Osh proteins have only little to no defect in PM to ER sterol transfer, suggesting that a number of these proteins may function as sterol transfer proteins [119] . Osh5p, the Osh protein most similar to Osh4p, can bind and transfer sterols as well as Osh4p in vitro (unpublished observation).
It is interesting to note that, in vitro, sterol transfer by Osh4p is specifically enhanced by a phosphoinositide (PIP), specifically PI(4,5)P 2 [119] . This is also true of Osh5p (unpublished observation). This lipid is highly enriched in some membranes, particularly the PM [123] , and PI(4,5)P 2 -simulation of sterol transfer by Osh4p and could regulate sterol transfer to and from this organelle. Indeed, since most of the Osh proteins probably bind to PIPs [124, 125] , PIP-binding may regulate the function of a number of the Osh proteins. Consistent with this, depletion of PI(4)P and PI(4,5)P 2 in cells substantially slows sterol transport from the PM to the ER [119] .
It remains possible that primary function of Osh proteins in vivo is not non-vesicular sterol transfer [11, 122] . To date, there is no evidence that any of the mammalian ORPs function as sterol transfer proteins. On the other hand, there is substantial evidence that OSBP functions as a lipid sensor [126, 127] and that ORP1L is part of a complex that activates endosomal dynein motors [128] . In addition, there is still some sterol transfer between the PM and ER in both directions even in cells lacking Osh proteins, albeit 5-10 times more slowly than in wild-type cells [119, 122] . This residual transport probably occurs too rapidly to be passive diffusion of sterols unassisted by any carrier proteins, suggesting that proteins other than the Osh proteins may also transfer sterols between the ER and PM. S. cerevisiae lacks homologs of START proteins, sterol carrier protein 2 (SCP2), or caveolins (other candidate sterol transfer proteins discussed in the following sections), but could contain novel transport proteins. (It does contain an NPC2 homolog, but this resides in the vacuole [129] .) Thus, it is difficult to rule out that Osh proteins, like many PL-TPs, do not function at lipid transfer proteins in cells and only indirectly affect lipid transport between the ER and PM. Whether and how any of the Osh proteins might function as lipid sensors remains to be determined.
SCP-2
SCP-2 is a small 13.3 kDa protein that is also known as non-specific lipid transfer protein (nsL-TP) because of its ability to transfer sterols and a variety of other lipids between membranes in vitro [130, 131] . This protein is formed by the cleavage of either of two larger proteins termed SCP-x and pro-SCP-2, both of which are encoded by the same gene by two distinct promoters. The SCP-2 domain is at the C-terminus of both proteins. SCP-x also contains an N-terminal 3-oxoacyl-CoA thiolase domain, while pro-SCP2 has a small N-terminal 2 kDa domain. However, in many tissues much of the SCP-x remains intact. Both proteins are made with a Cterminal peroxisomal targeting signals and are likely involved in peroxisomal b-oxidiation of fatty acids, perhaps by facilitating substrate presentation to the enzymes involved. Indeed, mice lacking the gene encoding SCP-x/pro-SCP-2 have defects in branched fatty acid catabolism [132] .
In addition to its role fatty acid oxidiation in peroxisomes, it has been suggested that SCP-2 may transfer sterols and other lipids between some cellular compartments. Despite having a peroxisomal targeting signal, a fraction of SCP-2 is found in the cytosol [133, 134] . Since there are numerous studies demonstrating that SCP-2 can transfer cholesterol between liposomes and/or biological membranes (thoroughly reviewed in [131] ), it remains possible that cytosolic SCP-2 might facilitate non-vesicular sterol transfer in cells as well. A number of papers suggest that cellular cholesterol distribution and trafficking may be altered when SCP-2 expression levels are either increased or decreased [135] [136] [137] [138] [139] [140] [141] , consistent with a role in intracellular sterol transport, but this awaits definitive proof.
Caveolins
Caveolins are abundant membrane proteins that associate with cholesterol and sphingolipids. They can oligomerize, leading to the formation of caveolae, cholesterol and sphingolipid-rich invaginations found in some cell types. Numerous functions have been ascribed to caveolins and they likely play important roles in maintaining cholesterol homeostasis and distribution in cells (for recent reviews see [142, 143] ). Smart and co-workers suggest that caveolins transfer cholesterol from the ER to the PM as part of a soluble complex that also contains cholesterol, heat shock protein 56, cyclophilin A, and cyclophilin 40 [144] [145] [146] . Treating cells with cyclosporin A or rapamycin disrupts this complex and dramatically slows the transfer of newly synthesized cholesterol from the ER to caveolae in the PM. However, subsequent work by another group found ER to PM cholesterol transport did not slow in cyclosporin A treated cells [56] . The role of caveolin in non-vesicular cholesterol transport is uncertain. It remains to be determined if ER to PM cholesterol transfer slows in cells lacking caveolin or whether the cavolin complex described by Smart and co-workers transfers cholesterol in vitro.
Proteins that mediate sterol efflux and uptake
A number of other integral membrane proteins have been shown to play import roles in facilitating nonvesicular sterol transport, primarily between the plasma membrane and exogenous acceptors. Some also play important roles in intracellular sterol trafficking. The mechanisms of these transporters and how they promote sterol transfer remains poorly understood.
ABC-transporters and sterol efflux
At least four ABC-transporters mediate sterol efflux to external acceptors in mammalian cells: ABCA1, ABCG1, ABCG4, and ABCG5/ABCG8. ABCA1 facilitates the transfer of cholesterol and phospholipids to lipid-free apolipoproteins including apolipoprotein I (apoI) [147] . Loss of ABCA1 function causes Tangier disease, which is characterized by HDL deficiency, sterol accumulation in some tissues, and atherosclorosis. The mechanism of cholesterol efflux by ABCA1 remains controversial. Several reports indicated that cholesterol and phospholipid dissociation occur sequentially [148] [149] [150] , leading to the model that ABCA1 stimulates phosopholipid export to apoI which can subsequently bind desorbed cholesterol. Alternatively, ABCA1 could mediate simultaneous export of cholesterol and phospholipids to apoI [151, 152] . In either case, it remains unclear whether ABCA1 directly binds and moves lipids to apoI or indirectly affects the chemical activity of cholesterol and perhaps phospholipids, promoting their export to the apoI. A fraction of ABCAI is located in internal endocytic compartments and, interestingly, there is some evidence that this internal protein may facilitate cholesterol efflux from late endosomes; this process slowed in cells expressing an ACBA1 mutant with impaired internalization from the PM [153] . Indeed, it remains possible that ABCA1 is actually active internally, promoting cholesterol movement to the PM where it can be effluxed from cells. ABCG1 and ABCG4 mediate cholesterol export to HDL. A number of studies have shown that reducing expression of either transporter decreases cholesterol efflux to HDL, while overexpression stimulates cholesterol export [154] [155] [156] [157] [158] . How these transporters mediated cholesterol efflux is not known. Unlike ABCA1, ABCG1 and ABCG4 can only mediate the efflux of cholesterol to phospholipid containing acceptors and not lipid free apoI [155, 157, 158] .
ABCG5 and ABCG8 form a heterodimer and are expressed on the apical surface of enterocytes, the absorptive cells of the intestine, and in hepatocytes [159] . Defects in these genes cause sitosterolemia, a rare disorder characterized by the accumulation of sitosterol and other plant sterols and hypercholesterolemia. ABCG5/ABCG8 limits the uptake of non-cholesterol sterols by effluxing them from enterocytes [160, 161] . In hepatocytes, they are required for efficient cholesterol secretion into bile [162, 163] . Though the mechanism of transport is not yet understood, in a remarkable study they have been reconstituted in vitro [164] . This work showed that ABCG5/ABCG8 transports cholesterol but not a cholesterol enantiomer. Thus, the transporter likely makes direct contact with the cholesterol rather than indirectly causing sterol desorption from membranes. This is a significant step toward understanding how ABC transporters mediate sterol efflux.
Sterol uptake
A number of proteins that promote sterol uptake have been identified. The scavenger receptor class B type I (SR-BI) mediates the bi-directional selective transfer of a variety of lipids between cellsand lipoproteins including cholesterol and cholesteryl esters [165] . The mechanism of the lipid transfer by SR-BI has been studied for many years but is still not fully understood. For a thorough review, see [165] . SR-BI binds a wide variety of lipoportein acceptors and small unilamellar vesicles [166] . Unlike ABC-transporters, SR-BI does not bind ATP or use ATP hydrolysis to drive transfer. The protein, which is mostly in the PM, is predicted to have a large, heavily glycosylated extracellular domain [167, 168] . This domain may form a hydrophobic channel that facilitates lipid movement between bound lipoproteins and the PM [169, 170] . SR-BI directly mediates cholesterol transfer directly since the purified protein reconstituted into liposomes is functional and will transfer cholesterol from HDL [171] . It likely accelerates the diffusion of cholesterol and other lipids between lipoproteins and the PM and a number of mechanisms for how it does this have been proposed [172] . There is some indication that it increases the chemical activity of cholesterol in the PM [173, 174] .
NPC1-like 1 proteins (NPC1L1) mediates the uptake of dietary sterols in the intestine (for a review, see [175] ). This protein, like ABCG5/ABCG8, is expressed on the apical surface of enterocytes and was found to be the target of ezetimibe, a drug that inhibits cholesterol absorption [176, 177] . NPC1L1 is an integral membrane protein that contains a sterol-sensing domain (SSD) in the membrane. This domain is also found in NPC1 [178] and some other membrane proteins implicated in cellular cholesterol homeostasis and trafficking [179] . Though the SSD domain has been shown to be required for cholesterol-binding by some proteins, including NPC1 [180, 181] , it probably does not play a role in moving cholesterol into or out of membranes. Rather, it may be important for regulating the trafficking of SSD-containing proteins in response to cellular cholesterol levels [179] . Indeed, there is some evidence that some NPC1L1 traffics from the ERC to the cell surface when cellular cholesterol is depleted [182] . It is not known if this requires a functional SSD domain.
The mechanism of NPC1L1-mediated cholesterol uptake is not understood. There is some evidence that NPC1 facilitates the uptake of small apolar molecules including acriflavine and oleic acid but not cholesterol when it is expressed in Escherichia coli [183] . How this relates to cholesterol uptake by NPC1L1 (or cholesterol exit from lysosomes by NPC1) is not clear. Alternatively, NPC1L1 may regulate proteins that take up cholesterol directly.
In the yeast S. cerevisiae, either of two ABC-transporters, Aus1p and Pdr11p, are required for the efficient uptake of exogenous sterols [184] . Surprisingly, they are also needed for efficient PM to ER sterol transfer; after exogenous sterols enter the PM, they are more rapidly transferred to the ER in cells containing Aus1p and Pdr11p than those lacking them [61] . Thus, Aus1p and Pdr11p may facilitate sterol movement out of the PM to internal compartments and only indirectly facilitate the uptake of exogenous sterol by mediating sterol export from the PM. Whether they directly move sterols or indirectly facilitate sterol movement by altering the chemical activity of PM sterols is not known. Alternatively, they could recruit sterol transfer proteins to the PM and thus promote sterol removal from the PM.
Non-vesicular sterol transport and intracellular distribution
The concentration of sterols in cellular compartments varies widely. What role might non-vesicular sterol transfer play in establishing and maintaining these differences? One possibility is that it does not significantly contribute [11, 57] . In this model, differences in the sterol concentration of various organelles are driven primarily by their ability to form ''condensed complexes.'' Sterols in these complexes have low chemical activity and would not be readily extracted by proteins that facilitate non-vesicular sterol transfer. In contrast, sterols not in such complexes would have a high chemical activity and would be rapidly equilibrated between membranes by non-vesicular transfer pathways. Membranes with a high capacity to form condensed complexes, like the PM, would therefore have a higher sterol concentration than organelles with a low capacity, like the ER or mitochondria. In this model, non-vesicular sterol transport pathways would not contribute to maintaining differences in the sterol concentration of various organelles, but rather ensure that cellular membranes have similar amounts of cholesterol with high chemical activity. Consistent with this view, it has long been known that depleting the PM of sphingomyelin (an abundant cholesterol binding partner) by treating cells with sphingomyelinase causes a rapid transfer of cholesterol to the internal compartments [62, 63] .
Alternatively, it remains possible that proteins that facilitate non-vesicular sterol transfer between membranes are regulated so that they affect intracellular sterol distribution. One way they are likely regulated is by being localized to particular membranes or MCSs in the cell. Such targeting could promoter sterol transfer to or extraction from specific membranes. For example, CERT, which moves ceramide from the ER to the Golgi, has domains that target it to both membranes. Some sterol transfer proteins, such as ORPs, might be similarly regulated. It is also possible that some sterol transfer proteins might be simulated to extract or deliver sterol to a particular membrane by a partner protein or lipid localized there. For sample, Osh4p stimulation by PI(4,5)P 2 probably serves to regulate sterol transfer to or from membranes containing this lipid. This stimulation may affect intracellular sterol distribution. As more is learned about the mechanisms of sterol transfer proteins, we will begin to understand how they are regulated and affect sterol distribution.
Conclusions
There is growing evidence that sterols and other lipids move between cellular compartments by non-vesicular mechanisms. How these transport pathways contribute to the maintenance of intracellular sterol distribution and homeostasis remains poorly understood. In the past few years, a number of proteins that facilitate this movement have been identified. It seems likely that many more remain to be discovered and new techniques for identifying these proteins are needed. We are also just beginning to understand the mechanisms of lipid transfer proteins. Though some likely move sterol directly, others may affect rates of sterol transfer by altering the physical properties of membranes by, for example, altering the distribution and organization of lipids in a bilayer or bending membranes. Understanding these mechanisms and how sterol transfer proteins are regulated remains a major challenge for the future.
